4
experiments, a refractive index at this concentration under visible light, which is 1.485, was always checked by using a portable refractometer before each experiment, because the change in the refractive index might be caused by deposition of NaI crystals onto the pipe wall and/or volatilization from the solution. 
PIV measurement with fluorescence particles
The PIV utilized in this experiment is a double-pulse YAG laser system manufactured by Japan Laser Corporation. The laser output is 25mJ@532nm and the maximum oscillatory frequency is 30Hz. In the PIV measurement, a time series of tracer particles' images in a sheet laser is taken with a high speed camera, and, then, a two-dimensional flow structure is quantitatively visualized from the movement of the tracer particles. The time interval of the double pulse and the tracer concentration are adjusted depending on the flow conditions. To process the obtained particle images, a cross-correlation scheme is adopted to get spatially dense velocity information. Furthermore, melamine fluorescence resin particles with 1~20 m diameter are utilized as the tracer particles. The specific gravity of NaI solution at the above mentioned concentration is relatively close to that of this tracer, so that buoyancy influence can be ignored. When this fluorescence particle is irradiated with the YAG laser, it causes excitation in the fluorescent agent which emits light of 580nm wavelength. By taking only this newly emitted light into a CCD camera with an attached filter lens, it makes it possible to obtain a clearer particle image than the usual tracer image, because the diffused reflection light of the laser observed on the pipe wall surface and on the acrylic sphere surface can be completely removed simultaneously. Figure 2 shows a diagram of the apparatus for the visualization experiment under isothermal conditions. The apparatus consists of the following components: a circulating pump, a flow rate measuring section, a flow-straightened section, a test section, a bag filter, and a mixing tank. All piping materials and components have been made of polyvinyl chloride or acrylic materials etc. which co-exist in a stable state with the NaI solution. The magnetic pump circulates the working fluid inside the loop, and its maximum flow rate under obstacleunpacked conditions is approximately 200l/min. The flow rate of the working fluid is adjusted www.intechopen.com
Experimental apparatus and details of test section

Visualization of Complex Flow Structures by Matched
Refractive-Index PIV Method 5 by valves: two valves located between the magnetic pump and the flow rate measuring section and a valve of a bypass line which directly returns to the mixing tank from the magnetic pump. A turbine flowmeter or an ultrasonic Doppler velocimeter is utilized to measure the flow rate. The mixing tank has the following functions: injection of tracer particles, de-aeration of bubbles existing in the fluid, and heat exchange to control the fluid temperature. The section upstream of the test section has a flow-straightener with a honeycomb structure consisting of stainless steel pipes, which straightens and counteracts a swirling flow formed in the bend upstream. The bug filter is a polypropylene-made cartridge with strong corrosion resistance which separates the tracer particles from the NaI solution. Figure 3 shows a detailed view of the visualization test section. Here, we focus here on the flow field in a Sphere-Packed Pipe (hereafter, SPP) that is utilized as a heat exchanger and/or a cooling device in various fields (e.g. Yuki et al. 2007 Yuki et al. , 2008 . The test section is an acrylic vertical riser-pipe with D=56mm as inner diameter and 670mm in length. The visualizing area is located at 8.2D (=460mm) downstream from an inlet of the test section where a fully-developed flow is anticipated. In addition, there is a rectangular jacket surrounding the test section in order to reduce image distortion resulting from the geometry of the circular pipe. The NaI solution at the same temperature as the working fluid is also filled into the jacket. In order to visualize the flow field in the lateral cross section of the circular pipe, an acrylic observation window is attached to the upper part of the test section. Figure 2 also shows the packing structure of the acrylic spheres. The sphere size prepared for this research is D/2.0 (27.6mm) in diameter, and 68 spheres can be packed in the test section with a porosity of 0.548. An acrylic baffle plate set between the flanges, which exist at the inlet and outlet of the test section, fixes the acrylic spheres. The temperature of the NaI solution is 30 degrees Celsius, and the visualization of the flow field is conducted at three Reynolds numbers (Re d =Ud/ ) of 800, 2000 and 4900, based on the sphere diameter, d, and mean inlet-velocity U. The mean inlet-velocity, which is equivalent to superficial velocity in the SPP, is 0.0376, 0.0940 and 0.230 m/s, respectively. Fand et al. (1990 Fand et al. ( , 1993a Fand et al. ( , 1993b have classified the SPP pipe flow with D/d>1.4 into: turbulent regime (Re d >120), Forchheimer regime (5<Re d <80), and Darcy regime (Re d <2.3) from the data of friction factor. In that sense, the flow conditions in this research could be in the turbulent regime. This fact was also confirmed by the authors' experiments (Yuki et al., 2005) . Figure 4 is visualized. Figure 5 shows a time-series of the flow fields at the lowest Re number of Re d =800. The matched refractiveindex method makes it possible for the flow field in the central area of the pipe, which is usually impossible to see, to be successfully and vividly visualized. The whole flow field fluctuates intensely and is extremely unsteady. In order to discuss the flow field more qualitatively, the time-averaged flow field is shown in Figure 6 (a). This clearly provides that a high-velocity flow spouting from the upstream of a central area A (spouting flow, hereafter) is pushed back toward the center area again from around the middle of the center area and the wall. Furthermore, judging from the instantaneous flow fields together, a flow toward the pipe wall, which is considered as a part of a wake, forms a strong impinging flow to the pipe wall. After this impingement, a backward-flow in the upstream direction forms a circular vortex in the area B between the sphere and the wall. It can be also confirmed that there exists a small circular vortex behind the impinging flow. An interesting feature is the formation of a low-velocity area in the middle of the spouting flow and the impinging flow, which seems to capture a coexisting area of different kinds of several flows in the SPP. In addition, there is stagnation in the area C closely located to the contact point between the sphere and the wall. If the SPP is utilized as a heat transfer promoter, it is impossible to remove enough heat in this area under the heating conditions, so that the wall-temperature could rise sharply here, especially for higher Pr number fluid. However, the area downstream of this stagnation seems to have a high heat transfer performance due to the effect of the impinging flow. because of there not being much difference in the variation in both the flow structures. In all data, there exists low flow velocity and a low velocity fluctuation area at the location of x/R=±0.5. This location corresponds to the coexistence area for the two flow structures that seems to exist around the right and left sides of the sphere existing in front and back of the A area. The flow structure in this coexistence area will be clarified later by comparison with the flow structures on the other cross sections.
Fig. 2. Experimental apparatus for visualization
Flow structure of bypass flow due to wall effect
Since the present SPP has four wide gap-channels in the streamwise direction due to the existence of the pipe wall, the flow characteristics of a high-velocity channeling flow, that is to say a bypass flow formed in this area, strongly affect not only the flow structures of the spouting flow and the vortices behind the sphere but also heat transfer characteristics. To capture this flow, a longitudinal section S 2 shown in Figure 8 is visualized. Figures 9(a) through (d) are the distributions of time-averaged flow field, vorticity, and the RMS of velocity fluctuations, respectively, in the right half area of the S 2 at the Re d of 800. The bypass flow flowing in parallel with the pipe wall is observed in the gap area between the sphere and the pipe wall. The wake area behind the sphere has high vorticity, because the flow direction shifts to the back from the front of the paper depending on the packing structure, as well as the influence of the wake. In addition, the RMS of velocity fluctuation, U p and V p , are more overwhelmingly intense than those in the case of the above mentioned longitudinal section S 1 , which indicates strong unsteadiness of the flow field in this section, especially beside and behind the sphere. A time-series of the flow fields allow us to confirm that a circular vortex or a flow with low velocity is intermittently formed in this area (note: this is caused by strong variation at the bend of the bypass flow described later on). To quantitatively evaluate the influence of the Re d number on the flow structure of the bypass flow, Figures 10(a) through (d) show the flow velocity profiles and the RMS of velocity fluctuation in the radial and streamwise directions at the horizontal center line in the middle of S 2 . Minus value of the radial flow velocity means that the sphere shape contributes to a certain amount of momentum transfer toward the center of the pipe. Additionally, Figure 10 (b) shows that the bypass flow has quite a high velocity, whose maximum value is around 6 times that of the mean velocity. The Re d number doesn't seem to affect the value much. Judging from this, it is evident that the bypass flow could be the something strong flow for the spouting flow being pushed back and for producing some vortices including the impinging flow. Though the RMS of velocity fluctuation in both the radial and streamwise directions goes up as the Re d number increases, the data at Re d =800 shows a peculiar profile. It is considered that the flow field at Re d =800 still has the characteristics in lower Re d number regime where there exists a different kind of vortex shedding behind the sphere. To evaluate the three-dimensional structure of the bypass flow, the flow field in the longitudinal section S 3 perpendicularly to S 2 is focused on (see Figure 11 ). Figures 12(a) through (d) show the same distributions as those of Fig.11 . The bypass flow is flowing with a meandering motion through the spheres in a circumferential direction. Furthermore, a circular vortex is formed between the upstream and downstream spheres. As this circular vortex is formed near the downstream sphere, the flow that is branched by the meandering bypass flow colliding with the downstream sphere significantly plays a role in forming the vortex. In addition, the existence of a high-vorticity area A being released from the sphere represents the boundary of the bypass-flow route. Regarding the velocity fluctuation U p in the horizontal direction of S 3 , the area with high velocity fluctuation is formed on the bypass-flow route, which means that the bypass flow itself unsteadily changes in the circumferential direction. Furthermore, an area B with high velocity fluctuation is formed forward of the downstream sphere. As already described, a part of the bypass flow collides with the downstream sphere due to its meandering motion. In such areas, the flow becomes unstable and increases the intensity of velocity fluctuation by the influence of the sphere geometry. Regarding the intensity of velocity fluctuation V p in the vertical direction of S 3 , an area C with high velocity fluctuation exists beside the bypass-flow route between the upstream and downstream spheres. The flow loses stability in this large gap area by being released from the influence of the upstream sphere-surface, which could also lead to the formation of the impinging flow mentioned before though this flow can't be confirmed in this section S 3 . Figure 13 is a timeseries of the flow fields at Re d =4900. Looked at through the time-averaged flow field characteristics, the flow structures don't show such significant change as is the case at Re d =800. However, the time-series of the flow fields show that two apparent circular vortices are formed between the downstream and upstream spheres. In other words, the wake structure in the large gap area between the spheres is characterized by the co-existence of the circular vortex formed by the colliding effect of the bypass flow with the downstream sphere and by the separation vortex shedding from the upstream sphere. In particular, the small vortex shown in Fig. 5 corresponds to a part of this downstream vortex. The existence of these two vortices has been also confirmed at Re d =800. In the SPP flow, it is quite interesting that several vortices exist between the upstream and downstream spheres. In addition, the bypass-flow seems to meander in larger area with increasing Re d number as shown in Figures 14(c) and (d) , which show the RMS of the velocity fluctuation in the horizontal and vertical directions at the horizontal center line of S 3 . In Fig. 14(a) , the horizontal velocity indicates a minus value because of the separation vortex near the wall. Observing from the streamwise velocity profiles in Fig. 14(b) , the maximum flow velocity of the bypass flow is almost 5 through 6 times higher than the mean velocity, regardless of the Re d number. This fact accords with the result shown in Figure 10(b) . Moreover, the central axis of the bypass flow also seems not to be influenced by the Re d number, because the peak location of the streamwise velocity doesn't shift for the change in the Re d number. 
Flow structure behind the sphere
To identify further the wake structures formed between the spheres, the longitudinal section S 4 shown in Figure 15 is visualized. Figure 15 velocity flow existing in the gap between the sphere and the pipe wall is the bypass flow itself. Observation through the instantaneous flow fields confirms the generation and disappearance of a circular vortex such as Karman-like twin vortices behind the sphere that is strongly affected by the inflowing of a part of the bypass flow. According to this inflowing, an area with high vorticity exists behind the sphere as shown in Fig. 16(b) . The shape and behavior of these vortices are another aspect of the separation vortex mentioned above. However, as it is difficult to visualize both the two kinds of vortices simultaneously, the downstream circular vortex, which should be also twin vortices, seems to be somewhat flat in the circumferential direction and be formed near the pipe wall as shown in Fig. 5 . In addition, the gap area between the spheres has high velocity fluctuation, this also indicates strong time variation of these two pairs of twin vortices. These vortices don't affect the bypass flow structure and its behavior significantly, because the area with high velocity fluctuation by the wake does not spread out to the bypass flow area. To sum up the matter, there are two factors that form the structure of the wake between the spheres and their unsteady behavior (see Fig. 16(d) that is illustrations of flow structures in S 3 and S 4 ): 1, Twin separation vortices shedding from the sphere in the process that a part of each high-velocity bypass flow passing beside the sphere flows into the large gap area located behind the sphere (this process also generates the strong impinging flow as mentioned later on); 2, Twin circular vortices generated by the colliding and branching effects of two bypass flows in front of the sphere in downstream. 
Flow structure in a cross section of circular pipe
Finally, the flow fields in a lateral cross section of the pipe, i.e. a secondary flow, are visualized in order to investigate the three-dimensional structure of the flow field in the SPP. The matched refractive-index PIV method only enables to observe the flow field in this cross section. Figure 17 shows a time-series of the secondary flows at the Re d numbers of 800 and 4900 in the lateral cross section, S 5 , perpendicular to the longitudinal section S 1 (see Fig. 17 on the lower right). These figures clearly show that apparent twin vortices with strong variation exist in the lateral cross section. The four circled areas in the time-averaged flow field at Re d =800 in Fig. 17 on the upper right are the ones for the bypass flow passing through. As already mentioned, the bypass flow meanders along the sphere geometry and a part of it flows into the large gap area between the upstream and downstream spheres, so that it is obvious that the bypass flow becomes a significant driving flow for the twin vortices. Additionally, the strong flow toward the wall, which is in the middle of the twin-vortices, corresponds to the impinging flow confirmed in cross section S 1 . In other words, the two bypass flows heading toward the large gap area, after passing through the upstream sphere, generate the twin-vortices that correspond to the upstream separation vortices. Since there is one more pair of twin vortices downstream due to the colliding effect of the two bypass flows with the downstream sphere, these two different twin vortices form three-dimensional structures in the gap area. On the other hand, the velocity vectors of the spouting flow from the pipe center observed in the cross section S 1 have not been confirmed. It is predicted that the bypass flow toward the gap area pushes back the spouting flow toward the pipe center again in this section S 5 . As a result, the low-velocity area in the upstream of the impinging flow is formed in the circled areas. Although the spouting flow tries to spread out also in a circumferential direction, it heads toward the opposite direction against the rotating direction of the twinvortices. The multiple vortices with the above mentioned complex structure could have strong effects on the fluid mixing and heat transport from the heating wall, which suggests that control of the bypass flow plays an important role in heat transfer augmentation of the SPP.
Other application of the matched refractive-index PIV method
The matched refractive-index PIV method easily enables to visualize various kinds of complex flow structures. As the second application of this method, we focus on a flow separation formed in a curved pipe with a low curvature ratio. Figure 18 shows the longitudinal flow fields in the curved pipe and its downstream circular pipe region (Yuki et al., 2009) . The Re number is approximately 50,000 (inlet mean velocity is 0.78 m/s). This flow condition corresponds to a subcritical regime defined by Idelchik (1986) . The test section was made from an acrylic rectangular block where the curved flow-channel is manufactured by 3D-NC cutting. The pipe diameter is 56mm. The entrance section to the curved pipe is a circular straight pipe with a length of 50 times as long as the pipe inner diameter so that the fluid flow going into the test section becomes an almost fully developed turbulent flow. The curvature ratio of the curved pipe is 1.0 (=R/D : where R is the curvature radius). Here, we introduced an infrared ray Diode laser, with an output of 10mJ and a wavelength of 808nm. This indicates that the refractive-index of the NaI solution needs to be re-adjusted with the method shown in Figure 1 . Nylon particles with the average diameter of 20m and a specific gravity of 1.03 are used as the tracer particle. Figures 18(a) , (b), (c), and (d) show the instantaneous flow fields, time-averaged flow field, velocity contour lines map, and the RMS distribution of velocity fluctuation in the longitudinal section of the curved pipe and its downstream, respectively. As the accuracy of PIV measurement near the outlet area of the curved pipe drastically degrades due to existence of an O-ring, a rectangular white box is put on it. The high velocity flow produced by a centrifugal force oscillates in an unsteady manner, and this oscillation is conceivably self-induced one due to flow instability by loosing a balance between a centrifugal force and a pressure gradient especially near the inlet area of the curved pipe. The highest velocity is confirmed near the inner wall of the inlet, due to the favorable pressure gradient toward the streamwise direction. The maximum velocity reaches 1.12m/s which is 1.44 times as the inlet mean velocity. Moreover, a low-velocity area on the inner wall side that is considered to be a part of the flow separation develops from around 40 degree of angle from the elbow inlet (see the time-averaged flow field). The instantaneous flow fields also show a counter flow structure that can be regarded as a part of the separation vortex. The low-velocity area develops toward the downstream of the curved pipe, and along with that, it is confirmed that the flow field in the central area is accelerated again in the outlet region. The separation point exists at a more upstream position, compared with the previous research results (Shiraishi et al., 2006) . This is because the turbulent flow with a fully developed boundary layer flows into the curved pipe, unlike the previous research whose inlet flow has an almost uniform velocity profile. Focusing on the flow structure of the low velocity region, Figure 18 clearly show that the low-velocity area with a complicated unsteady flow exists on the inner wall side of the curved pipe and develops toward the downstream circular pipe region. Furthermore, comparatively small transverse vortices are repeatedly generated and disappeared in the upstream shear layer of the low-velocity area (hereafter, a separation region), which increases the RMS of velocity fluctuation as shown in Figure 18 59 (f=8.2Hz) , is almost the same as that estimated by Iwamoto et al. (2008) . The time-average flow field shows that the velocity becomes higher again in this strong fluctuating region (hereafter, a velocity recovery region). The starting point of the velocity recovery is approximately 0.33D. Namely, since the high-velocity fluids transferred from the central area of the curved pipe by the secondary flow through the side walls collide each other around this area, the unsteadiness of the flow field becomes much more significant. Fig. 18 . Flow structure in a curved pipe and its downstream close-up of low velocity region
To clarify the three-dimensional structure of the separation region, the secondary flow is visualized at the 0.18D downstream of the outlet of the curved pipe (see Fig. 19) . A lowvelocity area exists between the high-velocity area formed in the pipe center and the inner wall. Furthermore, two pairs of characteristic twin vortices can be confirmed. The larger twin vortices are Dean vortices generated by the centrifugal force, whereas the smaller twin vortices formed near the inner wall represent the lateral structure of the separation region. In other words, the flow structure at this location has not only the transverse Fig. 19 . Secondary flow structure shortly after 1st elbow vortices but also two longitudinal vortices. Moreover, a high-velocity flow that exceeds 70% of the inlet mean flow velocity exists around the side walls (hereafter, a high-velocity creeping flow). This high-velocity creeping flow alternately flows into the separation region, so that the flow field in the velocity recovery region could become more unsteadily, accompanied with complicated large vortices. Although further investigation should be conducted to clarify in what part of the elbow this high-velocity creeping flow is formed, there could be the possibility that this flow is formed to complement the fluid defect along with the shedding of the separation vortices. Whichever the case may be, there is no doubt that this high-velocity creeping flow has a significant impact on the flow structure of the velocity recovery region and the dynamic behavior of the vortex shedding as well.
Conclusions
In this chapter, I introduced the matched refractive-index PIV measurement to visualize complex flow structures. The visualization was conducted by matching refractive-index of working fluid to that of an obstacle and/or the piping material. Here, flow structures in a sphere-packed pipe and a curved pipe were focused on as the examples, the interesting flow structure became obvious. Although the NaI solution was utilized here, some other solutions are also available or special materials with the same refractive index of the working fluid could be useful. For instance, FEP material has the same refractive index as that of water. The matched refractive-index visualization technique enables to understand not only a 3-dimentional time-series of complex flow structures with complex geometry by utilizing a stereo type of dynamic PIV technique but also a two-phase flow in the near future.
